Objectives-To define a method for measurement of the cross sectional area and volume of the quadriceps femoris muscle using magnetic resonance imaging (MRI) 
to compare the results of measurements obtained by the MRI method with those obtained by the conventional method of static B-mode ultrasound in order to evaluate whether MRI is a reliable alternative to ultrasound. Methods-A preliminary MRI study was undertaken on a single female volunteer in order to optimise the scanning technique and sampling design for estimating the muscle volume using the Cavalieri method. Ten healthy volunteers participated in the method comparison study. Each volunteer underwent static B-mode ultrasonography, immediately followed by MRI. The cross sectional area of the quadriceps femoris was estimated at the junction of the proximal one third and distal two thirds of the thigh, and seven systematic sections of the thigh were obtained in order to estimate muscle volume by both modalities. Results-Seven sections through the muscle are required to achieve a coefficient of error of 4-5%. There was no significant difference in the cross sectional area estimates or volume estimates when ultrasound and MRI were compared. Conclusion-Muscle cross sectional area and volume can be measured without bias by MRI in conjunction with stereological methods and the method is a reliable alternative to static B-mode ultrasound for this purpose.
Measurement of the cross sectional area and volume of the human quadriceps femoris muscle is useful for monitoring the effects of immobilisation on the musculature of the lower limb resulting from trauma, disease, or aging," as well as assessing the response of the muscle to physiotherapy and muscle bulk building programmes in sport.`Although there is a direct relationship between the cross sectional area of a muscle and its ability to generate force,67 force measurements are of limited value in evaluating muscle strength if the limb involved is painful or immobilised and evaluation of muscle strength must therefore rely on measurements of muscle size. The measurement of mid thigh circumference using a tape measure provides an indirect method of measuring muscle, but has poor reproducibility and all compartments of the thigh (namely bone, muscle, fat) are included in the measurement.8 There is a need for accurate and reproducible direct methods for muscle morphometry.
Imaging techniques are available which permit the estimation of the cross sectional area of individual muscles or muscle groups. Static B-mode ultrasound has been used in many morphometric studies of the human quadriceps muscle.`' The technique is reputed to be highly operator dependent, and this is likely to affect both accuracy and repeatability in muscle morphometry.9 Traditional methods for the quantification of muscle cross sectional area from ultrasound images include planimetry and the use of digitising tablets. However, these methods are time consuming and prone to operator bias. In addition, there is no optimisation of the workload required to achieve a volume estimate with known precision. In recent years, such equipment has become obsolete and there has been a need to look to other imaging modalities for quantifying skeletal muscle. Magnetic resonance imaging (MRI) is now regarded as the premier modality for the imaging of human skeletal muscle and for muscle morphometry.'01' Unlike computed tomography, MRI does not require the exposure of the patient to ionising radiation.1
Stereological methods permit the estimation of cross sectional area and volume to a known precision and the estimates are always unbiased. The stereological method for estimating the volume of an object is named after Bonaventura Cavalieri.1' Volume is estimated by systematically sectioning an object with parallel planes a known distance apart and the application of a mathematical formula. 4 15 Skeletal muscle typically has an irregular profile, particularly in the extremities. Many methods of quantification involve the use of an arbitrarily selected geometric configuration. 6 17 Since stereology makes no assumption regarding the geometric configuration of an object, it is a method particularly suited to the quantification of human skeletal muscle.
The purpose of this study was to apply the Cavalieri method in conjunction with modern MRI techniques to obtain unbiased estimates of the cross sectional area and volume of the human quadriceps muscle with a known precision and to compare the MRI results with those obtained using more conventional static B-mode ultrasound imaging in conjunction with the Cavalieri method. A series of parallel axial sections of the left lower limb were obtained from the anterior superior iliac spine to the knee. Images were acquired with the subject supine and with the limb in a position of neutral abduction and slight internal rotation. The quadriceps muscle was relaxed during the acquisitions. The basic data set comprised 27 sections.
Image analysis
The stereological methods employed have been described in detail elsewhere.'s'0 MR images were transferred to a Sun Sparc 2 workstation (Sun Microsystems) using AnalyzeTM software (Biomedical Imaging Resources, Mayo Foundation) for image analysis.
The boundaries of the muscle group were identified on each image. A regular array of crosses (test system) ( fig 1A) was superimposed upon each image, with random orientation. The number of occasions (P.) on which a test point lay within the boundary of the muscle was noted ( fig 1B) .
At each anatomical level, Matheron's formula (equation Al in the appendix) was used to predict the coefficient of error (CE) in the volume estimate." 21 The data were used to plot a graph (fig 2) relating the CE to the number of sections required through the quadriceps muscle to achieve a known precision. The greater the number of sections through the muscle, the lower the CE. Any method used for estimating muscle volume must be sensitive to small changes in muscle bulk. A CE suited to the estimation of human muscle volume has been reported as 5%.22 Figure 2 demonstrates that seven sections through the quadriceps muscle are required to achieve a CE of 4-5%.
To determine the contribution to error of point counting, a square grid was superimposed with random position on each section. '9 The number of intersections between the grid lines and the boundary of the muscle on each section were counted. A reasonable prediction of the point counting contribution can be made using equation A2 (see the appendix). These data were used to construct a nomo- Total number of points, P, counted on all m sections Figure 3 Nomogram for a rapid assessment of the contribution ofpoint counting to the CEfor a Cavalieri estimate of the volume of the quadriceps femoris muscle. The vertical line demonstrates that approximately 100 points in total should be counted to ensure that the contribution to error from point counting is 3%.
through the thigh are required with 100 points being counted in total. 
Each subject was scanned in the supine position with the limb fully extended, in neutral abduction and with slight internal rotation, so that the medial and lateral malleoli of the tibia and fibula respectively were equidistant from the couch. Axial images were acquired with the muscle relaxed using a direct-contact compound scanning technique. A hard copy image of each section was obtained for image analysis.
The cross sectional area of the quadriceps femoris was estimated at the junction of the proximal one third and the distal two thirds of the thigh (fig 4A) .
To achieve a CE of 4-5% for the volume estimate, seven parallel axial sections through the thigh were obtained with a distance between slice centres (T) of 5 cm, and 100 points were counted in total, as determined in the preliminary study. To ensure that the volume estimate was unbiased, it was essential that the imaging sequence did not commence at the same anatomical level (for example, the greater trochanter) in each subject. The first section was therefore randomly located within the interval 0 to T cm ( fig 5) . Acquisition ofMR1 data Images were acquired using the equipment and scanning sequence outlined in the preliminary study (acquisition time for seven sections was 3 minutes 19 seconds). Sections were obtained at the anatomical levels defined in the ultrasound study, with the subject in a comparable position ( fig 4B) .
The cross sectional area and volume of the muscle was estimated for both imaging modalities for each subject.
Point counting was applied to estimate the cross sectional area of the muscle at each site. The test system was applied manually for the ultrasound analysis, and a computer generated test system was generated by the Ar gram for the MRI analysis.
Estimation of muscle cross sectional are
The cross sectional area (estAi) for e was estimated using equation (1) ialyze proand 2.9 cm2 for the ultrasound and MRI estimates respectively.
Estimation of muscle volume The Cavalieri method was used to estimate muscle volume (V) (fig 5) . The volume of the muscle for each subject was estimated using equation (2) (2) where est2V is the unbiased estimate of volume (cm3), T is the distance between sections through the quadriceps (5 cm a) (fig 1tA) These authors suggested that data from )or for the method comparison studies are often inapprocasions on priately analysed, notably by the use of correlaefined area tion coefficients and regression analysis. The tion limits of agreement method of analysis has testipon nt therefore been used in the analysis of the data tre 2.8 cm2 from this study.
The paired difference between the ultrasound and MRI estimates for each subject are plotted against their mean for quadriceps cross sectional areas and volumes respectively (figs 6A and 6B). The mean difference indicates the bias of the lack of agreement between the two methods. The mean difference between the ultrasound and MRI estimates of muscle cross sectional area was -0.49 cm2. This constitutes only 0.8% of the typical cross sectional area of the quadriceps muscle (60.57 cm2). The mean difference between the ultrasound and MRI 
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Chemical shift artefacts may cause image degradation at the interface of muscle and subcutaneous fat, resulting in spatial misrepresentation of muscle boundaries on MRI.`8 Chemical shift artefact is worse at high field strengths but this is reduced by using higher bandwidth pulse sequences and smaller voxel sizes. This artefact was not significant with the pulse sequences and other factors used in the present study. Gradient echo sequences were avoided because chemical shift artefact can become a problem with their usage.
The Cavalieri method for volume estimates requires systematic sections through the thigh to be obtained at defined intervals. Computerised control of the MR couch permits axial sections to be obtained at defined intervals, which is difficult to achieve using static B-mode ultrasound.
The accuracy of the estimates obtained by static B-mode imaging may be influenced by extrinsic compression of the muscle by excessive transducer pressure. This is not a problem encountered with MRI as there is no direct contact with the thigh.
Conclusion
Unbiased quantification of the human quadriceps muscle can be achieved with a known precision using MRI in conjunction with stereology. It can be used to assess and monitor muscle bulk and is now a reliable and superior alternative to static B-mode ultrasound for this purpose.
